Recently, a class of Dirac semimetals, such as Na3Bi and Cd2As3, are discovered to carry Z2 monopole charges. We present an experimental mechanism to realize the Z2 anomaly in regard to the Z2 topological charges, and propose to probe it by magnetotransport measurement. In analogy to the chiral anomaly in a Weyl semimetal, the acceleration of electrons by a spin bias along the magnetic field can create a Z2 charge imbalance between the Dirac points, the relaxation of which contributes a measurable positive longitudinal spin magnetoconductivity (LSMC) to the system. The Z2 anomaly induced LSMC is a spin version of the longitudinal magnetoconductivity (LMC) due to the chiral anomaly, which possesses all characters of the chiral anomaly induced LMC. While the chiral anomaly in the topological Dirac semimetal is very sensitive to local magnetic impurities, the Z2 anomaly is found to be immune to local magnetic disorder. It is further demonstrated that the quadratic or linear field dependence of the positive LMC is not unique to the chiral anomaly. Base on this, we argue that the periodic-in-1/B quantum oscillations superposed on the positive LSMC can serve as a fingerprint of the Z2 anomaly in topological Dirac semimetals.
Topological semimetals are novel quantum states of matter, where the conduction and valence bands touch, near the Fermi level, at certain discrete momentum points or lines [1] [2] [3] [4] [5] [6] . The gap-closing points or lines are protected either by crystalline symmetry or topological invariants [7] [8] [9] . A topological Dirac semimetal hosts stable gap-closing points called the Dirac points (DPs), which, in addition to the time-reversal (TR) and spatial-inversion (SI) symmetries, are protected by the crystalline symmetry. By breaking the TR or SI symmetry, a single DP can split into a pair of Weyl nodes, leading to the topological transition from a Dirac to a Weyl semimetal [10] [11] [12] [13] [14] [15] . The Weyl nodes always come in pairs with opposite chiralities in momentum space, protected by topological invariants associated with the Chern flux and connected by the nonclosed Fermi-arc surface states [16] [17] [18] .
The Fermi-arc surface states are regarded as the most distinctive observable spectroscopic feature of Weyl semimetals. However, their observation is sometime limited by spectroscopic resolutions. Therefore, there is an urgency to find similar smoking-gun features of Weyl semimetals in response, especially in transport measurements. Of particular interest is the transport related to the chiral anomaly, i.e., the violation of the separate number conservation laws of Weyl fermions of different chiralities. Nonorthogonal electric and magnetic fields can pump Weyl fermions between Weyl nodes of opposite chiralities, and create a population imbalance between them. The relaxation of the chirality population imbalance contributes an extra electric current to the system, which results in a very unusual positive longitudinal magnetoconductivity (LMC) [19] [20] [21] . While the positive LMC, as a condensed-matter manifestation of the chiral anomaly, was observed recently in Weyl semimetal TaAs [3, 19] . It was also observed in Dirac semimetals Na 3 Bi [2, 4] and Cd 2 As 3 [5, 22, 23] . It is now understood that Na 3 Bi and Cd 2 As 3 , protected by a nontrivial Z 2 topological invariant, belong to a new class of Dirac semimetals, in which the DPs occur in pairs and separate in momentum space along a rotation axis [7] [8] [9] . The momenta of the Dirac fermions in these Dirac semimetals are locked to their spin and orbital parity, simultaneously. The Weyl nodes at the same DP belonging to different irreducible representations in spin subspace cannot be coupled, and have to seek for a partner with the same spin from the other DP. As a consequence, the two DPs composing of two pairs of Weyl nodes are connected by two Fermi arcs [24, 25] , much like in the Weyl semimetals [18] . Naturally, one may ask, in analogy to the chiral anomaly, whether there exists Z 2 anomaly in regard to the Z 2 topological charge. If there exists, how it manifests in experiments, or how to identify the Z 2 anomaly? In Ref. [26] , by introducing a fictitious spin gauge field which couples antisymmetrically to the spin, Burkov and Kim answered the first question in the affirmative. In this paper, we present an experimental mechanism to realize the Z 2 anomaly for Dirac semimetals carrying the Z 2 monopole charges, such as Na 3 Bi and Cd 2 As 3 , and then we propose to probe the Z 2 anomaly by magnetotransport measurement. As we show, the Z 2 anomaly, in fact, is a spin version of the chiral anomaly, in which the acceleration of electrons by a spin bias along the mag- netic field can create carrier density imbalance between the DPs, the relaxation of which leads to a measurable positive longitudinal spin magnetoconductivity (LSMC). We further demonstrate that the B 2 or B dependence emerging in the positive LMC are not unique to the chiral anomaly. Like the quantum oscillations of the positive LMC in Weyl semimetals [20, 27] , we argue that the periodic-in-1/B quantum oscillations superposed on the positive LSMC are remarkable fingerprint of the Z 2 anomaly in topological Dirac semimetals.
We start from the general low-energy Hamiltonian for topological Dirac semimetals Na 3 Bi [24] and Cd 3 As 2 [25] and σ x,y,z are Pauli matrices acting on the spin and orbital parity degrees of freedom, respectively. O(|k| 2 ) is a higher-order term in momentum related to the rotational symmetries of the crystal structures, which, in the vicinity of the gap-closing points, is negligible. Therefore, [s z , H(k)] = 0, and the Hamiltonian separates into two independent 2 × 2 blocks, which can be labelled by the eigenvalues of s z , namely, s = ±1. Each spin block contributes a Weyl node at the DPs k χ w = (0, 0, χ m 0 /m 1 ), where χ = ±1 refer to the Z 2 charges of the DPs.
Consider the topological Dirac semimetal subjected to an electromagnetic field, which can be described by the Hamiltonian H (k + eA(r)/ ), where A(r) is a vector potential for the electromagnetic field. In a uniform magnetic field applied along the z direction, i.e., A(r) = Bxê y , the energy spectrum can be solved exactly, yielding E As we focus on the physics around the gap-closing points, it is convenient to expand Eq. (2) near the Weyl nodes. To linear order, we obtain
whereυ F = 2 −1 √ m 0 m 1 and q = k − k χ w is momentum measured from the Weyl nodes. As it shows, in each Weyl valley, the n = 0 LL is chiral, manifesting the chirality of the Weyl node, and all n = 0 LLs are achiral. In the presence of an electric field, the system will exhibit the chiral anomaly [28, 29] , i.e., the acceleration of the fermions by the electric field creates a chirality population imbalance between the Weyl valleys, and then leads to a measurable positive LMC. Here, the chiral n = 0 LLs are not only Z 2 -but also spin-resolved. Moreover, for a single pair of Weyl nodes for a fixed spin s, the Z 2 charge χ in Eq. (3) plays the role of the chirality, which exhibits the Z 2 quantum anomaly. The chirality manifested in the n = 0 LL, in fact, can be understood as follows. The Z 2 charge of the DP is defined as χ = (C χ ↑ − C χ ↓ )/2, where C χ ↑,↓ are the chiralities of the spin-↑ and spin-↓ Weyl fermions at the χ DP [7, 8] . The paired Weyl nodes possess opposite chiralities C χ s = −C −χ s , and therefore, the chirality of each Weyl node here is C χ s = sχ, which is exactly the sign of the n = 0 LL's group velocity, as shown in Eq. (3) . Recalling the mechanism of the positive LMC in Weyl semimetals [20] , the Z 2 anomaly may also contribute a measurable physical quantity, which is similar to the chiral anomaly in response to the parallel electric and magnetic fields. To demonstrate this effect, let us couple an external field, e.g., an electric field ∇µ s = −eE or a spindependent electric field ∇µ s = −esẼ which can be induced by a spin bias, to the fermions. Upon application of the external field, the linear-response electron distribution function in general takes the form
In the relaxation time approximation, the steady-state Boltzmann equation for the multiple Fermi pocket system can be expressed as [32] [33] [34] [35] s,s , based on the fact that, on one hand, the separation of the Weyl nodes usually makes the intervalley scattering much weaker than intravalley scattering, and on the other hand, the z component of the spin, served as a conserved quantity, will have a long relaxation time for dilute magnetically doping. For the sake of brevity, we denote τ intra = τ Electric field induced chiral chemical potential-For ∇µ s = −eE, the fermions in the two spin components are accelerated by the electric field toward the same direction. Since the chiral n = 0 LLs depend not only on the Z 2 charge χ but also on the spin s, the spin-↑ Weyl fermions are pumped from the negative to the positive chirality, while it reverses for the spin-↓ Weyl fermions, indicated by the dark and red arrows in Fig. 1(a) . As a result, the global equilibrium can be established by electron scattering between Weyl valleys residing at distinct or identical DPs, which includes two different relaxation processes: (i) identical spin component but different Z 2 charges and (ii) identical Z 2 charge but different spin components. In this case, we can reduce Eq. (5) to
withḡ s = (ḡ s,χ +ḡ s,−χ )/2 andḡ c = (ḡ s,χ +ḡ −s,χ )/2. For τ c inter , τ s intra ≫ τ intra , we can approximate g χ s,n ≃ḡ s,χ in the last two terms of Eq. (7), and thus arrive at g 
where m 2 , τ intra /τ c inter and τ intra /τ s intra are dropped first due to smallness. It is noticed that only the chiral n = 0 LLs make a nonzero contribution to υ [20] . Here, as the magnetic impurity scattering strengthens, the chiral chemical potential will reduce quickly, as indicated by Eq. (8) . With further increasing the magnetic doping concentration, τ s intra < τ c inter could be accessible, and then the chiral chemical potentials turns to be very sensitive to the local magnetic disorder.
Spin bias induced Z 2 chemical potential-For ∇µ s = −esẼ, the Weyl fermions in the two spin components are accelerated toward opposite directions, such that the global equilibrium can only be established by electron scattering between different DPs. In this situation, Eq. (5) reduces to be
withḡ z = (ḡ s,χ +ḡ −s,−χ )/2. From Eq. (9), we obtain for
As analyzed above,ḡ s,χ now is only χ-dependent and the chemical potential difference ∆µ z = (ḡ s,+ −ḡ s,− )/2 becomes spin-independent. Therefore, upon application of the spin bias, the fermion population decreases in the left DP and increases in the right, as illustrated in Fig.  1(d) . The overall effect of this process is that the Dirac fermions are pumped from one DP to the other, which exhibits the Z 2 anomaly. Consequently, we dub ∆µ z the
indicates that an imbalance of carrier density is established between the two DPs. Usually, the spinflip inter-Dirac-valley relaxation is much slower than the other relaxation processes and thus, the Z 2 chemical potential is insensitive to the local magnetic disorder. Positive LMC and LSMC-The spin-dependent current density is given by
with g χ s,n (k) = ∇µ s · υ χ s,n τ intra +ḡ s,χ . Incorporating the chiral and Z 2 anomalies, together with sχḡ s,χ = 0 due to particle conservation of the system, we average both sides of Eq. (5) 
wherẽ
At low temperatures, one can further derive υ 
is level index of the highest (lowest) LL crossed by the Fermi level for E F > 0 (E F < 0). To see the physical meaning ofP ± more clearly, we set m 2 = 0 and then Θ s is spin-independent. For ∇µ s = −eE,P + = 0 and Eq. (12) returns to Eq. (8), while for ∇µ s = −esẼ,P − = 0 and Eq. (12) recovers Eq. (10). Therefore, |P ± | in fact describes the effective power of the particle pumping between the DPs. Substituting Eq. (12) into Eq. (11), we can express the spin-dependent current density as
where σ 
is the magnetoconductivity attributable to the nonequilibium local chemical potentials. Equations (14) is the central result of our work, from which we define the spin-resolved electric and spin conductivity as σ c (B) = j s,z (B)/E z and s(B) = j s,z (B)/sẼ z . The LMC for Weyl semimetals of a single pair of Weyl nodes is given by Eq. (15), which has been discussed by us in Ref. [20] . Here, the electron orbital angular momentum couples strongly with the magnetic field, and the Weyl fermions can relax via electron scattering between multiple Fermi pockets. Therefore, new characteristic will emerge in the magnetotransport. The LSMC, given by ∆s(B) ≡ [s(B)−s(0)], is a spin version of the LMC due to the Z 2 anomaly. In Fig. 2 2 for ω c ≪ |E F |, which is consistent with the classical formula obtained in Refs. [30, 31] . From Fig. 2(c) , we see that, because of the coupling between the electron orbital angular momentum and magnetic field, the trivial Drude conductivity also contributes a B-dependent term
to the positive LMC, which is similar to that due to the chiral anomaly. Therefore, the B 2 or B dependence emerging in the positive LMC is not unique to the chiral anomaly. However, the quantum oscillations of the LMC are originated from the chiral n = 0 LLs, manifesting the chiral anomaly. As shown by Eq. (14) , the LSMC possesses all characters of the chiral-anomaly-induced LMC, including the periodic-in-1/B quantum oscillations, as exhibited in the inset of Fig. 2(b) . While the chiral anomaly is very sensitive to the local magnetic impurities, please see the inset of Fig. 2(a) , the Z 2 anomaly is immune to local magnetic disorder.
In conclusion, we have theoretically studied the anomalous magnetotransports in Dirac semimetals carrying the Z 2 topological charge. We find that a spin bias along the magnetic field can realize the Z 2 anomaly for topological Dirac semimetals. Accompanied with this, there emerges a measurable positive LSMC. We further demonstrate that the B 2 and B dependences of the positive LMC are not unique to the chiral anomaly, because similar field dependences can also originate from the coupling between the electron orbital angular momentum and magnetic field. The Z 2 anomaly induced LSMC possesses all characters of the LMC due to the chiral anomaly, and we argue that the periodic-in-1/B quantum oscillations superposed on the positive LSMC can serve as a fingerprint of the Z 2 anomaly in topological Dirac semimetals. 
